Blood flow velocities were measured in both middle cerebral arteries (MCAs) of 36 healthy subjects using transcranial Doppler ultrasound. Measurements were first made using a hand-held probe. Velocities were then studied bilaterally with fixed probes under resting conditions and during simultaneous regional CBF (rCBF) measurements. A significant (p < 0.05) positive correla tion was found between MCA flow velocities and rCBF in the estimated perfusion territory of this artery. The cor relation coefficient was highest when the measurements were performed simultaneously (p < 0.001) or when ve locities recorded with a hand-held probe were adjusted to take into account the significant velocity increase induced Transcranial Doppler ultrasound (TCD) is a non invasive and relatively inexpensive method that en ables measurement of blood flow velocities in the basal intracranial arteries (Aaslid et al. , 1982) . Al though this method has considerable potential, its place in the clinical management of patients has not yet been clarified. TCD measures blood flow veloc ities in the major intracranial arteries, whereas clin ical outcome for patients with cerebrovascular dis ease depends on adequate perfusion of brain tissue. Blood flow velocity measurements can theoretically provide information regarding volume flow in a sup ply artery and its perfusion territory if the diameter of the artery and weight of brain tissue in the per fusion territory remain constant. This is due to the
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fact that volume flow (Q) in a vessel is related to velocity (V) according to the equation
where R is the vessel radius.
The main aim of this study was to determine to what degree blood flow velocities in a supply artery reflect perfusion in its territory. Middle cerebral ar tery (MCA) blood flow velocities were therefore compared with regional CBF (rCBF) values in the MCA perfusion territory in healthy subjects. MCA velocities were studied before and during the rCBF measurements. This allowed us to assess the effects of changes in Peo2, blood pressure, and mental ac tivation on MCA velocities.
MATERIALS AND METHODS
Thirty-six healthy subjects, 13 men and 23 women, aged 24--64 years (mean 36 years) took part in the study. They consisted of unpaid volunteers who did not have a history of cerebrovascular, cardiovascular, or neurologi cal disease. All of the subjects were members of the staff at our hospital.
Blood flow velocities were measured using a TCD in strument (TC2-64; Eden Medical Electronics, Uberlin-gen, Germany). This instrumentation and the procedure for artery identification have been described elsewhere (Aaslid et al., 1982; Arnolds and von Reutern, 1986; Hen nerici et aI., 1987) . After the subject had rested in the supine position for at least 10 min, mean velocities were measured in both MCAs using a hand-held probe. Mean velocities (V me a ) were the time mean from the spectral outline. Average values from at least 15 cardiac cycles were calculated. The temporal acoustic window and Doppler sample depth giving the highest velocities were used for all measurements. Flat Doppler probes were then positioned permanently over both temporal regions using an elastic bandage and adjusted to obtain optimum MCA blood flow velocity signals ( Fig. I) . Velocities were continuously measured, first during a resting period that lasted at least 10 min and then during the rCBF measure ment, alternating between right and left sides every 15-20 s using a switching device.
End-expiratory Pco2 was measured continuously throughout the study (infrared Pco2 analyzer, Cardiocap; Datex Instrumentation Corp., Helsinki, Finland). Auto matic blood pressure measurements were made noninva sively using an oscillometric method (Cardiocap; Datex Instrumentation Corp.) 1 and 2 min before and every minute during rCBF study in 18 of the 36 subjects.
rCBF was studied using dynamic single photon emis sion computed tomography (DSPECT) and 133Xe inhala tion (Tomomatic-64; Medimatic, Copenhagen, Denmark). This method and instrumentation have previously been described in detail (Stokely et aI., 1980; Rootwelt et al., 1986) . The study lasts 4.5 min with 133Xe inhalation dur-\ FIG. 1. Drawing showing brain slice 2 (orbitomeatal plane + 6 cm) and a standardized sector (hatched area) correspond ing approximately to the estimated perfusion territory of the middle cerebral artery (MCA). The Doppler sample volume is illustrated in the MCA (black area).
J Cereb Blood Flow Me/ab. Vol. 12, No.6, 1992 ing the first 1.5 min. The concentration of inhaled 133Xe is �0.05% and it contains 740 MBq/L. Four tomographic pictures of isotope distribution are recorded during Xe inhalation and the next three I-min intervals. The se quence of tomographic pictures together with an input curve gathered from a detector positioned over the lung are used to calculate rCBF. The algorithm used does not take into account changes during the 4.5-min study pe riod, and the rCBF calculation is based on the bolus dis tribution principle applied to the sum of the first two to mographic pictures when the counting rates are highest. We therefore used velocities recorded during a 120-s pe riod beginning 20 s after the start of 133Xe inhalation for comparison with rCBF.
The Tomomatic-64 measures perfusion in three slices of brain simultaneously using high-sensitivity collimators. They are 2 cm thick and routinely positioned 2, 6, and 10 cm above the orbitomeatal plane. The resolution in the plane of each slice is 1.7 cm (full width at half-maximum). We calculated rCBF in milliliters per 100 g per minute from slice 2 (orbitomeatal plane + 6 cm) in a standardized region of interest in each hemisphere corresponding ap proximately to the estimated perfusion territory of the MCA (rCBFmcJ (Fig. 1 ). This was obtained using a soft ware package for automatic calculation of flow values in regions of interest (Rootwelt et al., 1986) .
All results are expressed as mean values with standard deviations in parentheses. The difference between groups was assessed using the Student t test. Correlations be tween variables were analyzed using the Pearson corre lation model and linear regression analysis. The signifi cance of the correlation coefficients were evaluated using the Fischer Z test. All statistical tests were two tailed, and differences were considered statistically significant if the p value was �5%.
RESULTS
V mea measured with a hand-held probe on the right side had the following values: 71.6 (12.9) cm/s, range 48-100 cm/s; and on the left side: 70. 1 (12.2) cm/s, range 44-102 cm/s. This difference was not statistically significant (p = 0.14).
V mea measured with flat probes immediately be fore and during the rCBF study is shown in Table 1 . Values immediately before the rCBF measurement were significantly lower than those measured with a hand-held probe. V mea values for the group as a whole were significantly higher on both sides during the rCBF study compared with those immediately before. However, the variation in velocity change was relatively large and ranged from -6 to 40%. The increase in velocity was observed immediately after subjects were connected to the mouthpiece of the Tomomatic-64. It was highest during the 30-s registration of radioactive background activity and during the first 1.5 min of the 4.5-min rCBF study period. Average Pcoz values were significantly higher (p < 0.0 1) during the rCBF study compared with values measured just before. There was a sig- nificant positive correlation between the increase in MCA velocities and in Peo:! (right side: r = 0.48, P < 0.01; left side: r = 0. 39, p < 0.05).
Mean blood pressure measured in 18 subjects in creased significantly (p < 0. 01) during the rCBF studies, but this parameter was not significantly correlated with velocity increase (right side: r = 0. 41, P = 0. 10; left side: r = 0. 37, P = 0. 15).
rCBF measured in the estimated perfusion terri tory of the MCA was, on the right side, 56. 5 (8. 0) ml 100 g-I min-I (range 41. 5-76. 5 ml l00 g-I min-I) and, on the left side, 55. 5 (7. 8) ml 100 g -I min -I, (range 42. 0-76.5 mi lOO g-I min-I). Perfusion val ues were significantly higher (p < 0. 05) on the right compared with the left side.
The relationship between V m e a and rCBF m e a is shown in Table 2 . Figure 2 shows the relationship on the right side between rCBFmca and velocities measured simultaneously with fixed probes. Pear son correlation coefficients (left and right sides) were calculated for rCBF and velocities measured simultaneously and for rCBF and velocity values obtained just before the rCBF study. The coeffi cient was higher for CBF and simultaneous velocity 1.5 (2.5)a 3.8 (6.5) 35-49
-5-8 -12-21 89.5 (8.0) 4 (4.0)a 4.7 (4.9) 77-106 -4-11 -7-13 measurements, but the difference did not reach sta tistical significance (Fischer Z test). The percentage velocity increase due to the rCBF study situation was calculated for each individual. This percentage was used to adjust velocity values measured with the hand-held probe, which were then compared with rCBF values. This adjustment was performed since velocity measurements are normally made with a hand-held probe in the clinical situation. The Pearson correlation coefficient between these ad justed velocity values and rCBF increased on the right side from 0.54 to 0. 67, but this improvement was not statistically significant (p = 0. 15, Fischer Z test). The intercept of the regression lines was approx imately the same and significantly different from zero for all the regression analyses. A scatterplot of the relationship between middle ce rebral artery (MCA) velocities on the horizontal axis (cm/s) measured with a fixed probe simultaneously with regional CBF (rCBF; ml/100 g brain tissue/min) on the vertical axis. The 95% prediction interval of an rCBF value with a given velocity value is shown with dashed lines and the 95% con fidence interval for the average rCBF is marked with contin uous lines.
DISCUSSION
The mean velocity value used in this study for comparison with rCBF was the time mean from the spectral outline of the maximal velocities calculated by the instrument (Aaslid et aI., 1982) . There is no consensus as to which blood flow velocity values in an artery best reflect flow changes. Several possi bilities have been proposed, including intensity weighted mean frequency, median frequency, and maximum frequency (Kirkham et aI., 1986) . In an animal model, it has been shown that all of these velocity parameters may reflect changes in flow (Evans and Macpherson, 1982) . Theoretically, the correct value to use as an index of flow is cross sectional average velocities. This velocity parame ter is probably closely related to the time mean ve locity that we used in this study (Kirkham et aI., 1986) .
Assuming that flow is laminar, differences in time mean velocities between individuals are probably also proportional to differences in cross-sectional average velocity. However, this relationship may be influenced by individual differences in heart rate and pulsatility values, which partly determine flow profile in a vessel. These aspects are probably not so important in the present study where the subjects were healthy and relatively young. Any differences in insonation angle will have minimal effect on the velocity values because of the small insonation an gle when studying the MCAs.
In the present study, we found a significant pos itive correlation between time mean MCA veloci ties and rCBF in the MCA perfusion territory in healthy subjects. When fixed TCD probes were used, the relationship was best when the studies were performed simultaneously. The considerable velocity change during the DSPECT study empha sizes the importance of performing the TCD and rCBF measurements simultaneously if the results are to be compared.
MCA velocities measured with fixed flat probes immediately before the rCBF study were lower compared with those measured using a hand-held probe. This finding may be due to the fact that it is more difficult to obtain optimal MCA velocity mea surements when using flat probes in fixed positions. Another possibility is that it may partly be the result of changes in the subject's degree of mental activa tion. The study of flow velocities during a 30-min period with a hand-held probe is more comparable with the situation immediately before rather than during the rCBF study. We therefore adjusted ve locity values obtained with a hand-held probe with the individual percentage velocity change that oc-curred when rCBF was measured simultaneously, This improved the correlation coefficient, but the improvement did not reach statistical significance.
The increase in MCA flow velocities induced by the rCBF study was statistically significant. The range of this velocity change was relatively larger than expected from the moderate but significant in crease in Pco2 during the rCBF measurements. Mean Pco2 increased by 1.5 mm Hg, which could explain a �6% increase in rCBF (Mountz et aI., 1989) , but not the 13% increase that we observed. An important factor that may at least partly explain this increase is the effect of anxiousness induced by lying in the CBF machine and breathing through a mouthpiece. The CBF study situation may cause a sympathetic stimulation especially at the beginning of the flow measurement. The proximal part of the large cerebral arteries is innervated with sympa thetic fibers and may therefore contract following sympathetic stimulation, causing a moderate veloc ity increase (Edvinsson et aI., 1988) . The velocity change may be due in part to an increase in rCBF caused by the study situation. Studies performed to assess flow changes due to anxiousness using 133Xe inhalation and fixed detectors (Johanson et aI., 1986; Zohar et aI., 1989) or positron emission to mography (Mountz et aI., 1989) have not detected a generalized CBF increase. However, these meth ods do not detect flow changes of short duration, which may be the case in our study.
The minor increase in blood pressure that oc curred in the majority of the 18 subjects in whom it was measured is probably also secondary to in creased mental activation resulting in an increase in sympathetic tone. However, the blood pressure in crease was moderate and did not correlate signifi cantly with the velocity increase. It is therefore probably not a factor that directly caused velocity changes.
Xe has been shown to increase blood flow veloc ities during rCBF measurements with Xe-enhanced CT (Giller et aI., 1990) . In their study the velocities increased �2 min after the administration of 25, 30, or 35% Xe gas concentrations. This is thought to be due to Xe-induced vasodilatation of small resis tance vessels. The concentration of Xe used in our study was in comparison 0.05%. In addition, our observations strongly suggest that the velocity in creases in our study were not due to Xe since they occurred when subjects lay in the CBF machine before the start of Xe inhalation.
We calculated rCBF in a standardized sector cor responding approximately to the MCA perfusion territory in one 2-cm-thick slice of brain tissue. Al though this sector does not include the total perfu-sion territory of the MCA, it is reasonable to as sume that cerebral perfusion is relatively uniform in healthy brain tissue. It is therefore possible to com pare rCBF calculated in milliliters per 100 g per minute in part of the MCA perfusion territory with mean velocity values in this artery. The calculation of rCBF using DSPECT and 133Xe inhalation has some methodological difficulties, which result in in accuracy when calculating absolute flow values (Lassen, 1985) . Shirahata et al. (1985) measured day-to-day changes in 30 healthy subjects and found that the difference had an SD of 6.4 ml/ l00 g/min. We have repeated simultaneous rCBF and TCD measurements in 16 subjects after a 20-min interval and found (A. Dahl et al., in preparation) that the SD of the rCBF difference was 4. 3 ml 100 g-I min -I. The TCD findings gave an SD of the differ ence of 6. 1 % on the right and 6.6% on the left side. Possible methodological inaccuracies must there fore be taken into account when discussing the re lationship between velocity and rCBF.
We found a broad range of velocities at each flow level, which implies that no conclusion about rCBF may be drawn from individual velocity measure ments. However, for larger groups the relationship between velocity and rCBF may be used to predict mean velocity or rCBF when one of these parame ters is measured. The most important explanation for the large normal range is probably variations in MCA diameter, which have previously been dem onstrated by autopsy studies and radiological exam inations (Ring and Waddington, 1967; Gabrielsen and Greitz, 1970) .
Several studies in humans have suggested that changes in MCA time mean velocities may reflect flow changes in this artery's perfusion territory. Kirkham et al. (1986) and Markwalder et al. (1984) found a correlation between velocity and CO2 changes similar to that demonstrated with rCBF methods. When testing cerebral vasoreactivity in patients with carotid occlusion, Bishop et al. (1986) demonstrated a significantly positive correlation be tween the increase in flow velocity and rCBF mea sured with stationary detectors. Lindegaard et al. (1987) demonstrated that changes in MCA veloci ties correlated well with changes in internal carotid volume flow measured with an electromagnetic flowmeter.
rCBF measurements and blood flow velocities in the basal intracranial arteries have been compared in only a few studies. However, to our knowledge, simultaneous rCBF and TCD measurements have not previously been reported. Piepgras et al. (1990) did not find a correlation between flow and veloci ties at rest in patients with carotid disease, but their measurements were not performed simultaneously. Sorteberg et al. (1989) demonstrated in a small group of healthy subjects that for nonsimultaneous measurements, the correlation was better when TCD and rCBF values were correlated for Peo 2 dif ferences. In patients with mental illnesses, Risberg and Smith (1980) measured simultaneously rCBF with 32 stationary detectors and flow velocities in the internal carotid artery and found a good corre lation between flow and velocity. Brass et al. (1991) also found a significant correlation between rCBF and velocities in a group of patients with sickle cell anemia. In their study there was a large range of flow and velocity values. Greisen et al. (1984) ob served a significant correlation in newborn infants between internal and anterior cerebral artery mean and diastolic velocity and rCBF using one detector and intravenous 133Xe.
We conclude that velocity values obtained from TCD measurements in the MCA of healthy subjects correlate with rCBF in the corresponding perfusion territory. No conclusion about rCBF may be drawn from individual velocity measurements, but changes or differences in velocities in patient groups can probably be taken to reflect differences in rCBF. The study situation influences blood ve locities, and this observation should be taken into account when comparing repeated TCD measure ments. rCBF and TCD measurements should pref erably be performed simultaneously if the results of the two examinations are to be directly compared.
